Abstract: Due to their graceful cross-section form, favorable static and dynamic property, light self-weight and short construction period, prestressed concrete continuous box girders have been widely applied in high-speed railway bridges. In this paper, the prestressed concrete single-box single-chamber equal-height continuous box girder was taken as the research object. Based on the spatial separation finite element model of box girder, the overall deformation and key cross-section stress condition of the box girder were analyzed, with the deformation behavior and key cross-section stress state of box girder under prestress obtained.
INTRODUCTION
Since girder-type bridges have advantages including simple structures, clear stress state and easy construction, they have been the most commonly used bridge type in highway and urban roads. For ordinary reinforced concrete girder-type bridges, due to the limited material strength and large volume-weight, their selfweight increases sharply with the increase of structural span. Thus, cracks are generated and most of the bearing capacity is consumed by the structure self-weight, which seriously constrains the spanning capability. To make up the early occurrence of crack, prestressed reinforced concrete structures are prestressed by stretching prestressing reinforcements. By taking advantages of the nerviness of high-strength reinforcements, the tensile stress caused by the external load can be reduced or eliminated. In other words, it is to make up the shortcoming of tensile strength by using the high compressive strength of concrete. With the wide application of prestressed concrete continuous box girder bridges in highway construction, conducting an in-depth study of their stress condition to ensure the favorable engineering state of bridges has become an important topic. Shible et al. (1983) analyzed the stress state and nonlinear behavior of concrete box girder based on the grillage method. Huang et al. (1995) divided the displacement of box girder into local displacement and overall displacement. The superposition of these two displacements was applied in the dynamic property analysis of box girder. Luo et al. (2000) calculated the shear-lag effect of curved box girder bridge through mathematical model analysis. Zhang Wenxian et al. (2009) conducted organic glass modeling experiments of box girder and compared the experimental results with the finite element analysis results obtained using MIDAS/Civil. They concluded the calculation formula of the transverse moment of lateral wing box girder corner framework. N. Tbrahim et al. (2008) utilized an embedded vibration wire strain gauge to monitor the creep and shrinkage of box girder. Chidolue et al. (2012) To investigate the deformation condition and stress state of concrete box girder after applying prestress, this paper adopted ANSYS to construct the separated box girder spatial finite element analysis model, based on a prestressed concrete single-box single-chamber equal-height continuous box girder. The deformation of box and stress state of key cross-sections were analyzed. The relative weak parts of concrete continuous box girder were acquired, which could provide technical support for the installation and arrangement of stress-strain sensors of bridge monitor system.
MATERIALS AND METHODS

Bridge Overview
The whole bridge has five connections and 23 holes, with a combined span of 4×20m+5×20m+5×20m+5×20m+4×20m. A 20m assembly prestressed concrete continuous small box girder structure is selected. In the transverse direction, four single-box single-chamber box girders with trapezoid box cross-sections are used. In total, there are 92 pieces of box girders, as shown in Fig. 1 .
The upper structure is designed as a 23-20m assembly prestressed concrete continuous box girder bridge. The bridge abutment of the lower structure is consisted of ribbed slab platform, bearing platform, separation platform, and bored pile foundation, with a total number of 50. The bridge plane is located in the straightway. The longitudinal slope is 0%, and the bridge plane slope is 2%. Abutments are arranged with equal angles. Bridge width: 0.5m guard bar+ 12m net width+0.5m guard bar. Prefabricated box girders, diaphragm plates, cast-in-situ longitudinal wet joints and pier-top wet joints are made of C50 concrete. Asphalt concrete is used to pave the upper layer of bridge plane, and C50 waterproof concrete is used in the lower layer. In this paper, the midspan center-sill is investigated, with the cross-section displayed in Fig. 2 . 
.1 Material parameters
Based on the ANSYS platform, the finite element analysis model of prestressed concrete box girder is constructed to simulate the overall deformation condition and stress values of key cross-sections under prestressing loading conditions. Thus, the weak parts can be figured out, which can provide references and support for the arrangement of stress-strain sensors in the structure health monitor system for middle-and smallscale bridges.
The strength design grade of box girder reinforced concrete is C50. According to construction requirements, only after the prefabricated main girder reaches the 100% of the designed strength, the next step can be started. That is, the compressive strength of concrete cubics should be 50 MPa after casting. According to the latest concrete regulation, the uniaxial tensile and compressive strengths can be calculated. The designed parameters of concrete materials are listed in Table 1and the material design parameters of prestressed reinforcements are listed in Table 2 . 
Box girder model establishments
According to the difference of prestressing modes, the related constitutive relationship also changes. The so-called equivalent load method refers to using a set as of equivalent loads to replace the influence of prestressing reinforcements on structural components. In this paper, constant surface force is applied to the region of prestressing reinforcements to simulate the prestress. Whereas, the real physical reinforcement method is utilized to conduct finite element modeling to describe the stress state of prestressed concrete box girder structure in details. The prestressed reinforcements and concrete are divided into different elements (Solids for concrete and Link for reinforcements). The interactive binding-slippage between concrete and reinforcements is ignored and the crushing of concrete material is turned off.
In this part, the constitutive relation of concrete material is modeled by using the multilinear isotropic hardening model (MISO), while that of the reinforcement is modeled by the bilinear isotropic hardening model (BISO). It should be noted that in the MISO model, multiple lines are required to simulate the elastic-plastic material constitutive relation. As a default setting, material changes proportionally according to the elastic modulus before yielding. Hence, the slope of the first line segment of this constitutive relation should be equal to the concrete elastic modulus. Otherwise, errors will occur in the following steps.
After the definition of constitutive relation, the modeling of box girder is carried out. The model constructed is shown in Figs. 3 and 4 . After modeling, element meshing can be done. The mesh generation directly affects the accuracy of numerical analysis results. The mesh generation method is mainly determined by the element type and shape. As for the box girder model in this study, since the real physical reinforcement method is utilized, complex force lines exist in solid elements after division. Some parts of the structure are not suitable for the mesh mapping way since 4~6 faces are required. Hence, the hybrid mesh generation method is selected. For those can not be meshed by mesh mapping, the sweep method is used. 
Loading and calculation
Symmetric constraints are applied to the midspan symmetric plane of the box girder model in ANSYS, with the x-direction movement restricted. To accurately simulate the actual stress state of components, a constant surface force of 100000N is applied to the plane where the support-end prestressing steel strand lies, with a loading area of 180mm×100mm.The loading step is 50, and the convergence accuracy is 5%. The step length is automatically adjusted. According to calculation, the convergence state is reached after ten loading steps. The displacement contour (Fig. 5 ) and stress contour (Fig. 6 ) in the Y-direction of the box girder model can be obtained. As displayed in the figures, as for the last loading sub-step of SUB=10, the Y-direction maximum displacement and stress reach 0.37mm and 0.79MPa. Via the application of equivalent load method, the prestress results in the bulging of the whole girder, i.e., the prestress deformation is obvious. However, as displayed in Fig. 6 , multiple stress concentration points take place near the loading site, and the Y-direction stress variation is insignificant. The major cause is that the equivalent load method does not consider the distribution and orientation of the influence of reinforcement on concrete. The longitudinal prestressing reinforcement is long and complex, making it difficult to simulate the loss and stress distribution. 
Sensor Arrangement
According to above finite element analysis results, as well as field construction scheme, the negative bending moment point of the continuous girder support cross-section roof, 1/4-span web and midspan crosssection bottom are selected as the stress monitor and control cross-sections, as displayed in Fig. 7 .
Figure 7. Layout of midspan measurement points
Steel string strain gages with temperature compensation are used to monitor the box girder stress state. The steel string strain gage is made up of a load-bearing elastic shell, steel string, solid chuck, excitement coil and reception coil. Steel strings are usually made from high-elastic spring steel, martensite stainless steel or tungsten steel. They are connected to the load bearing parts of sensors. By taking advantage of the relationship between the self-vibration frequency of steel string and the external tensile stress applying on the string, various physical parameters can be measured. Since the self-vibration frequency of a steel string is determined by its length, material, and internal stress, the relationship can be written as:
Where, f is the steel string self-vibration frequency; L is the effective length of steel string; σis the stress; ρ is the material density.
The strain calculation formula of a steel string strain gage is: ε = G × C × R 1 − R 0 + K × T 1 − T 0 (2) Where, εis the strain change amount of the measured structure, 10-6; G is the device coefficient, με; C is the correction factor, 0.95-1.05; R is the current read value, that is, the frequency module with an origin data of 1; R0 is the initial read data of frequency module; K is the temperature coefficient of the steel string, 18με; T1 is the current temperature, and T0 is the initial temperature.
RESULTS AND ANALYSIS
Deformation analysis
Through ANSYS calculation, the overall deformation in any point of the 3D model under prestress can be obtained. As shown in Fig. 8 , due to the influence of prestressing reinforcement, the girder presents a certain degree of reverse bulging, i.e., creep deformation. The prestress applied on the girder bottom part which is stretched leads to obvious deformation, which counteracts with the tensile stress caused by the external load. Thus, the crack of concrete can be prevented. As shown in Figs. 8 and 9 , since only a half-span box girder is analyzed in the simplified model and the working coordinate system locates at the span center, it is obvious that the deflection of the midspan is the greatest, with a value of 91.721mm. However, due to the shrinkage and creep of reinforcement, the prestressed concrete component gets shortened and leads to a certain amount of prestress loss. 
Stress analysis
By using the calculation module provided by ANSYS, the prestress distribution (Fig. 10 ) and reinforcement stress variation (Fig. 11) of the single-box single-chamber prestressed concrete continuous girder can be obtained.
As displayed in Fig.9 , the prestress generated by the prestressing reinforcement gradually reduces from the reinforcement to concrete far away. The lower part of the girder is compressed while the upper part is stretched. Hence, the stress distribution meets the requirement of prestressing design principle, and the overall stress state of the box girder is comparably uniform. Among them, in the sixth loading sub-step, the maximum equivalent stress reaches 350MPa, and the minimum value is 0.27MPa. As shown in Fig. 11 , the prestress reduces from the two ends of the reinforcement to the center, which is -221.206N/mm 2 at two ends to a stable value of -39.306MPa. This is attributed to that the transfer of prestress requires a certain length before it reaches a stable value. 
Control cross-section analysis
Detailed analysis of girder element is conducted to obtain the stress distribution in the control cross-section. As implied in Fig. 12 , the control cross-section of girder is under compression. Meanwhile, since the stretching points of reinforcement are located on the support, stress concentration occurs. The maximum shear stress points mainly distribute on the support cross-section and anchoring sites of prestressing reinforcement. According to loading features of girder bridges, as well as engineering practice, the negative bending moment point of the continuous girder support cross-section roof, 1/4-span web and midspan cross-section bottom are selected as the stress monitor and control cross-sections.
DISCUSSION
This paper takes the field construction of a 100m prestressed concrete single-box single-chamber equalheight continuous box girder as the research objective and combines engineering practice, and concrete box girder analysis theory, the spatial finite element model of the box girder is constructed by using ANSYS. The overall stress state and key cross-section stress of the prestressed concrete continuous box girder are analyzed. 5.
Conclusions
(1) The stress state of the separation prestressed concrete box girder is analyzed using ANSYS. A finite element model is constructed, with the simulation of prestress in solid elements achieved using the equivalent load method and overall cooling method. The box girder overall deformation condition and control cross-section stress state under prestress are obtained. The girder stress and deformation meet the requirements of design regulation. The load-displacement curves also can reflect the stress state features of prestressed concrete box girders during the whole process from loading to fracturing.
(2) By combining information including the stress state of key cross-sections, overall deformation conditions, and engineering practice, the stress monitor control cross-sections are selected.
